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Deletion of the Gibberella moniliformis FUMY9 gene resulted in mutants that produce only fumonisins that
lack a C-5 hydroxyl group. This phenotype is identical to that of previously described mutants with defective
alleles at the meiotically defined Fum3 locus. Transformation with a wild-type FUM9 gene into a Fum3-
defective mutant restored wild-type fumonisin production. These results indicate that the FUM9 protein
catalyzes the C-5 hydroxylation of fumonisins and that FUM9 and the Fum3 locus are the same gene.

Gibberella moniliformis is one of the fungi most commonly
associated with maize worldwide. The fungus can cause severe
ear and stalk rots, but also is present in healthy maize tissue (9)
and can produce high concentrations of the carcinogenic fu-
monisin mycotoxins. In naturally infected maize, wild-type
strains of the fungus produce fumonisins B; (FB,), B, (FB,),
B; (FB;), and B, (FB,) (13). These toxins are synthesized via
polyketide metabolism and consist of a linear 20-carbon back-
bone with an amine, one to three hydroxy moieties, and two
methyl and two tricarboxylate functions at various positions
along the backbone.

Genetic analysis of naturally occurring variants (10) identi-
fied four loci required for fumonisin biosynthesis (5-7, 11):
Fuml confers the ability to produce fumonisin, Fum2 confers
the ability to hydroxylate carbon atom 10 (C-10) of the fumo-
nisin backbone, Fum3 confers the ability to hydroxylate carbon
atom 5 (C-5) of the backbone, and Fum4 controls the amount
of fumonisins produced. For example, strains with a defective
Fum3 allele produce only fumonisins that lack a C-5 hydroxyl
(i.e., FB; and FB,) (6, 15).

The fumonisin biosynthetic cluster in G. moniliformis con-
tains 15 coregulated genes, designated FUMI and FUM6
through FUM19 (14). FUM9 is one of seven genes in the G.
moniliformis fumonisin biosynthetic gene cluster that has not
been functionally characterized. Amino acid comparison of the
predicted FUMY protein yielded only low levels of similarity to
dioxygenases. However, the predicted FUM9 protein does
share significant homology to actinomycete sequences, which
in turn are similar to oxoglutarate-dependent dioxygenases
(18). Here, we report the results of deletion of FUMY, se-
quence analysis of a naturally occurring mutant with a fumo-
nisin phenotype identical to the FUM9 deletion mutant, and
complementation of the naturally occurring mutation with the
wild-type FUM9 gene.

To study the role of FUM9 in fumonisin biosynthesis, we first
deleted the gene. A FUM9 deletion vector, pPFUM9KOH, was
constructed as previously described (2, 3). Briefly, the 1-kb
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regions immediately upstream and downstream of the FUM9
coding region were amplified by PCR and subcloned into the
same vector so they were separated by an Ascl restriction site.
The hygromycin B resistance gene (HygB) was then inserted
between the two fragments, utilizing the Ascl site to yield
vector pPFUM9KOH. Primers 9-1, 9-2, 9-4, and 9-4 were used
to amplify these regions (Fig. 1 [primer sequences: 9-1, GACG
GATCCGCGGCCTATTGGGACGTACTA; 9-2, GACGECGCGCCTGL
ATTGGCGT TGGECAAA; 9-3, GACGGCGCGCCGACGT TTGAATTGT
CTTGGCGT; 9-4, GACCT CGAGGGCAACAAACT CCCTGCAAT; 9-5,
TCAAGT TCCTCGTAATCCC; 9-6, CACAAGT GBGAGT TCAACC; 9-7,
GAAGGTGATGAAGTGTCSG 10-1, GACACCCGTCAAGGAAATTGG
CGCACATAG, rp250, CTGCTGCATTCCCATTCCCATCGT; 1098,
ACCAAGCCTATGCCTACAGCATCC]). All PCR products were
generated with Pfu polymerase and sequenced to confirm the
absence of errors.

To delete FUMY, wild-type G. moniliformis strain M-3125
(8) was transformed with the FUM9 deletion vector via the
protoplast method, and transformants were selected on hygro-
mycin B-amended regeneration medium as previously de-
scribed (3, 16). Eighteen hygromycin B-resistant transformants
were recovered and screened by PCR to identify those in which
the FUMY coding region was deleted. The PCR strategy was
designed to amplify unique combinations of sequence ele-
ments that were formed from homologous recombination be-
tween the deletion vector and the FUM9 locus. The PCR
primers used for this screen were 9-5, rp250, 1098, and 9-7
(Fig. 1). Transformants also were screened by PCR for the
absence of the FUM9 coding region by using primers 9-5, 9-6,
10-1, and 9-7 (Fig. 1). Selected transformants were regenerated
from single conidia to ensure genetic homogeneity and then
subjected to Southern analysis to confirm deletion of the
FUM9 coding region. The Southern analysis employed stan-
dard protocols (17) and probes labeled with *?P by the
RediPrime kit (Amersham Biosciences, Piscataway, N.J.). The
PCR screens and Southern analysis identified two transfor-
mants, GMT-9-206 and GMT-9-211, in which the FUM9 cod-
ing region was deleted and replaced with the HygB gene (Fig.
1).

Fumonisin production in transformants was assessed by lig-
uid chromatography-mass spectroscopy of acetonitrile-water
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FIG. 1. Southern analysis of FUM9 deletion mutants and 575-R-5
complemented with FUM9. (A) Genomic region of the wild-type (top)
and the deleted (bottom) FUMY coding region (large arrow). H,
HindlIll; B, Bg/ll. Small arrows indicate positions and orientations of
PCR primers. (B) Bgl/lI-digested genomic DNA from FUM9 deletion
mutants probed with the 773-bp fragment shown in panel A. Note in
the mutants GMT-9-206 and GMT-9-211 the loss of the wild-type
1.2-kb FUMY fragment and the gain of the 3.6-kb fragment resulting
from integration of vector sequences by double-homologous recombi-
nation and the resulting replacement of the 0.9-kb FUM9 coding re-
gion with HygB. (C) Apal-digested genomic DNA from Fum3-comple-
mented mutants, GMT-9-5-4 and GMT-9-10-8, hybridized to a 2.0-kb
fragment carrying the entire FUM9 coding region, including 453 bp
upstream of the start site and 672 bp downstream of the stop site. Note
additional hybridizing bands in DNA from complemented strains.

(1:1) extracts of 3-week-old cracked corn cultures as previously
described (12, 16). The only fumonisins produced by the FUM9
deletion mutants were FB; and FB,. In contrast, the wild-type
complement of FB,, FB,, FB;, and FB, was produced by trans-
formants in which FUM9 remained intact. Because the C-5
hydroxyl is the only structural feature that is absent in both FB,
and FB, but present in FB, and FB,, these data indicate that
FUM9 is required for the C-5 hydroxylation of the fumonisin
backbone.

The FUM9 deletion mutants had the same phenotype as
previously described mutants with defective alleles of the mei-
otically defined Fum3 locus. To determine if Fum3-defective
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TABLE 1. Fumonisin production by wild-type G. moniliformis
strain M-3125, Fum3-defective mutant 575-R-5, and transformants
GMT-9-5-4 and GMT-9-10-8

% Fumonisin recovered

Strain®
FB, FB, FB;
M-3125 77 16 7
575-R-5 0 0 100
GMT-9-5-4 71 14 15
GMT-9-10-8 37 33 30

“ Transformants GMT-9-5-4 and GMT-9-10-8 were generated by transforming
575-R-5 with a vector (pUCH2-8F9) carrying a wild-type copy of FUM9.

mutants carry mutations in FUM9, we amplified and sequenced
a 1,591-bp fragment spanning the FUM9 coding region from
strain 575-R-5, which has the mutant Fum3-3 allele and there-
fore cannot hydroxylate the C-5 position of fumonisins. 575-
R-5 is a progeny from a sexual cross of wild-type strain M-3125
and a UV-induced mutant derived from wild-type strain
M-3120 (15). The sequence of the FUM9 coding region in
strain 575-R-5 was identical to that of M-3125, except for a
C-to-T transition at nucleotide 94 that is predicted to introduce
a stop codon (ochre mutation) in the coding region and a
G-to-C transversion at nucleotide 495 that is predicted to re-
sult in no amino acid change. Sequence analysis of the same
region of DNA in M-3120, which produces the wild-type com-
plement of FB,, FB,, FB;, and FB, (6), showed that it also
carries the G-to-C transversion.

To determine if FUM9 can complement a Fum3-defective
mutant, we transformed 575-R-5 with a wild-type copy of
FUM9. A 2.0-kb genomic region containing the wild-type
FUM9 coding region was amplified via PCR with Pfu DNA
polymerase from cosmid clone 4-5 (14). Nucleotide sequence
analysis indicated that the amplified FUM9 did not have any
errors. The 2.0-kb amplification product was subcloned into
the hygromycin B-containing vector pUCH2-8 (1) to yield the
complementation vector pUCH2-8F9. 575-R-5 was trans-
formed with circular pUCH2-8F9, and hygromycin B-resistant
putative transformants were recovered and demonstrated by
PCR to carry the vector. Southern analysis of two selected
transformants revealed that one, GMT-9-5-4, had multiple
copies of pUCH2-8F9, while the second, GMT-9-10-8, had
only one copy of the vector (Fig. 1). Fumonisin production
assays, as described above, revealed that both GMT-9-5-4 and
GMT-9-10-8 produced the wild-type complement of B-series
fumonisins (Table 1). These results indicate that the wild-type
copy of FUM9 complemented the Fum3-defective mutant 575-
R-5 and therefore provide further evidence that the ochre
mutation in the FUM9 coding region of this mutant results in
its altered fumonisin production phenotype.

In this study, we have identified a direct link between the
FUM9 gene and hydroxylation of the C-5 position of the fu-
monisin backbone. FUM9 deletion mutants produce only FB,
and FB,, which lack the C-5 hydroxyl, but not FB, and FB,,
which have the hydroxyl. These results suggest that the FUM9
protein is a fumonisin C-5 hydroxylase. This conclusion is con-
sistent with the prediction that FUM9 encodes an oxoglutarate-
dependent dioxygenase (18). Such dioxygenases frequently cat-
alyze hydroxylation reactions (4).
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Our results also reconcile classical and molecular genetic
analyses of fumonisin biosynthesis in G. moniliformis by dem-
onstrating that the meiotically defined Fum3 locus and the
molecularly defined FUM9 are the same gene. The first evi-
dence for this identity was that the FUM9 deletion mutants had
the same phenotype as Fum3 mutants. Further evidence was
that the FUM9 coding region in Fum3-defective mutant 575-
R-5 had an ochre mutation that should result in a truncated
FUM9 protein. The final evidence was that a wild-type copy of
FUM9 could complement the Fum3-defective mutant. Based
on these results, we propose that hereafter FUM9/Fum3 be
designated FUM3. This designation is consistent with the con-
ventional designation of fumonisin biosynthetic genes (i.e.,
FUM) and with the precedent set by Fum3 being described
before FUM9Y.

We thank Marcie L. Moore, Deborah S. Shane, and Stephanie N.
Folmar for technical assistance.

Names are necessary to report factually on available data. However,
the USDA neither guarantees nor warrants the standard of these
products, and the use of the name by the USDA implies no approval
of the product to the exclusion of others that may also be suitable.

REFERENCES

1. Alexander, N. J., T. M. Hohn, and S. P. McCormick. 1998. The TRI1I gene
of Fusarium sporotrichioides encodes a cytochrome P-450 monooxygenase
required for C-15 hydroxylation in trichothecene biosynthesis. Appl. Envi-
ron. Microbiol. 64:221-225.

2. Brown, D. W., S. P. McCormick, N. J. Alexander, R. H. Proctor, and A. E.
Desjardins. 2002. Inactivation of a cytochrome P-450 is a determinant of
trichothecene diversity in Fusarium species. Fungal Genet. Biol. 36:224-233.

3. Butchko, R. A. E., R. D. Plattner, and R. H. Proctor. 2003. FUM13 encodes
a short chain dehydrogenase/reductase required for C-3 carbonyl reduction
during fumonisin biosynthesis in Gibberella moniliformis. J. Agric. Food
Chem. 51:3000-3006.

4. De Carolis, E., and V. De Luca. 1994. 2-Oxoglutarate-dependent dioxygen-
ase and related enzymes: biochemical characterization. Phytochemistry 36:
1093-1107.

17.

18.

FUM9 DELETION ANALYSIS 6937

. Desjardins, A. E., R. D. Plattner, T. C. Nelsen, and J. F. Leslie. 1995. Genetic

analysis of fumonisin production and virulence of Gibberella fujikuroi mating
population A (Fusarium moniliforme) on maize (Zea mays) seedlings. Appl.
Environ. Microbiol. 61:79-86.

. Desjardins, A. E., R. D. Plattner, and R. H. Proctor. 1996. Linkage among

genes responsible for fumonisin biosynthesis in Gibberella fujikuroi mating
population A. Appl. Environ. Microbiol. 62:2571-2576.

. Desjardins, A. E., R. D. Plattner, D. D. Shackelford, J. F. Leslie, and P. E.

Nelson. 1992. Heritability of fumonisin B, production in Gibberella fujikuroi
mating population A. Appl. Environ. Microbiol. 58:2799-2805.

. Leslie, J. F., R. D. Plattner, A. E. Desjardins, and C. J. R. Klittich. 1992.

Fumonisin B; production by strains from different mating populations of
Gibberella fujikuroi (Fusarium section Liseola). Phytopathology 82:341-345.

. Marasas, W. F. 2001. Discovery and occurrence of the fumonisins: a histor-

ical perspective. Environ. Health Perspect. 109(S2):239-243.

. Nelson, P. E., R. D. Plattner, D. D. Shackelford, and A. E. Desjardins. 1991.

Production of fumonisins by Fusarium moniliforme strains from various sub-
strates and geographic areas. Appl. Environ. Microbiol. 57:2410-2412.

. Plattner, R. D., A. E. Desjardins, J. F. Leslie, and P. E. Nelson. 1996.

Identification and characterization of strains of Gibberella fujikuroi mating
population A with rare fumonisin production phenotypes. Mycologia 88:
416-424.

. Plattner, R. D., D. Wiesleder, and S. M. Poling. 1996. Analytical determi-

nation of fumonisins and other metabolites produced by Fusarium monili-
forme and related species on corn, p. 57-64. In L. S. Jackson, J. W. DeVeries,
and L. B. Bullerman (ed.), Fumonisins in food. Plenum, New York, N.Y.

. Powell, R. G. and R. D. Plattner. 1995. Fumonisins, p. 247-278. In S. W.

Pelletier (ed.), Alkaloids: chemical and biochemical perspectives. Pergamon
Press, Elsmford, N.Y.

. Proctor, R. H., D. W. Brown, R. D. Plattner, and A. E. Desjardins. 2003.

Co-expression of fifteen contiguous genes delineates a fumonisin biosyn-
thetic gene cluster in Gibberella moniliformis. Fungal Genet. Biol. 38:237-
249.

. Proctor, R. H., A. E. Desjardins, and R. D. Plattner. 1999. Biosynthetic and

genetic relationships of B-series fumonisins produced by Gibberella fujikuroi
mating population A. Nat. Toxins 7:251-258.

. Proctor, R. H., A. E. Desjardins, R. D. Plattner, and T. M. Hohn. 1999. A

polyketide synthase gene required for biosynthesis of fumonisin mycotoxins
in Gibberella fujikuroi mating population A. Fungal Genet. Biol. 27:100-112.
Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

Seo, J.-A., R. H. Proctor, and R. D. Plattner. 2001. Characterization of four
clustered and coregulated genes associated with fumonisin biosynthesis in
Fusarium verticillioides. Fungal Genet. Biol. 34:155-165.



